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Metal-organic frameworks (MOFs) have received much interest due to their remarkable properties,
such as high surface area, controllable porosity, high electrical conductivity, high thermal stability,
and good chemical stability. In addition, the properties of a MOF could be tuned by incorporation
with  other  compounds.  More  interestingly,  their  structure  could  be  transformed  into  nanoporous
carbon materials via the carbonization process. Nanoporous carbons (NPCs) are promising electrode
materials  for  electrical  energy  storage  (i.e.,  batteries  and  supercapacitors)  due  to  their  unique
properties, such as good thermal and chemical stability, high surface area, and tunable pore structures.
Nowadays, the development of new electrode materials that yield high performance is essential to
overcome their current issues - for instance, low energy density, low voltage per cell, and high self-
discharge.  Nanoporous  carbons  derived  from  hybrid  zeolitic  imidazolate  frameworks  (ZIFs)  can
provide promising potentials in high-performance supercapacitor by combining two different metal
ions, Zn2+ and Co2+, followed by KOH activation.
The main objective of this work was to synthesize, characterize, and evaluate nanoporous carbons
(NPCs) and activated carbons (ACs) derived from bimetallic ZIFs. This study also investigates the
electrochemical behaviour of the obtained materials.
Chapter  1  presents  an  overview  of  the  subsequent  sections  of  this  thesis,  research  background,
motivation and aims.
Chapter  2  presents  literature  review of  the  recent  synthesis  of  MOF-derived  nanoporous  carbon
materials, with a particular focus on precursor control, heteroatom doping, shape/orientation control,
and hybridization with other functional materials. 
Chapter 3 is the experimental chapter. Deionized water used as the solvent to synthesize high yields of
hybrid ZIFs (with different Zn2+/Co2+ ratios). The characteristics and properties of the obtained MOFs,
NPCs,  and ACs were comprehensively investigated by using several  physicochemical  techniques,
including SEM, TEM, XRD, XPS, BET, and Raman spectroscopy. The electrochemical performance
of the as-prepared NPC and AC samples was evaluated by using cyclic voltammetry (CV). The results
show that the capacitance performance of the AC-1:1 was the best. 
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This study investigates the influence of molar ratios of Zn/Co on the properties of hybrid-ZIF
derived carbon materials and examines the effects of KOH treatment on the properties of the NPCs.
This chapter sets the background for the research and provides an introduction to the study. It also
provides an overview of the subsequent sections of this thesis. The rest of this thesis is organized as
follows: 
An overview of current vital developments in metal-organic framework (MOF) derived carbon
structures  with  a  focus  on  precursor  control,  heteroatom  doping,  shape/orientation  control,  and
hybridization with other functional materials during synthesis is presented in Chapter 2. 
Chapter  3 presents  the  work  on  the  gram-scale  synthesis  of  bimetallic  zeolitic  imidazolate
frameworks (ZIFs) and their  thermal conversion to nanoporous carbon materials.  This study was
carried out to understand the effect of water as a solvent during the synthesis process for hybrid ZIFs.
In addition, this study also investigates the influence of molar ratios of Zn/Co-ZIF on the capacitance
properties of the carbon materials before and after the activation process.
Finally, Chapter 4 present the conclusion of the investigations covered in this thesis alongside
some of the outlook for further work. 
I.2 Background
The  availability  of  fossil  fuels  in  the  earth’s  crust  have  decreased  continuously  due  to  the
increase in population, and in economic and industrial growth since the industrial revolution  [1]. On
the other hand, fossil fuels could be harmful to the environment. For example, their emissions are
responsible for global warming and for air and water pollution. Renewable energy sources, such as
solar energy, wind power energy, geothermal energy, and tidal energy, play a vital role in reducing
the  usage  of  fossil  fuels.  Also,  they  help  to  minimize  the  harmful  effects  of  fossil  fuels  on  the
environment [2]. Many renewable energy sources are intermittent, however, so that they cannot supply
electrical  power  continuously.  To  address  such  obstacles,  researchers  have  tried  to  solve  these
problems  by  developing  advanced  electrical  energy  storage  devices,  such  as  batteries  and
supercapacitors [3].
Symmetric  supercapacitors  or  electrochemical  double-layer  capacitors  (EDLCs)  have  unique
properties, such as high power density, fast charge/discharge, and a very long life cycle. Their poor
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energy density, production cost, low voltage per cell, and high self-discharge have become the major
challenges for their materials. To overcome these barriers, researchers have tried to develop high-
capacitance  electrode  materials.  Activated carbons  (ACs)  are  commonly used as  active electrode
materials, because of their high surface area and moderate cost. These materials have typical specific
capacitance between 100 and 120 Fg-1 in organic electrolytes, or even higher in aqueous electrolytes
(150-300 Fg-1) [4]. Activated carbons derived from hybrid ZIFs are promising electrode materials for
high-performance  EDLCs due  to  their  ability  to  incorporate  metal,  metal  oxide,  or  metal  sulfide
nanoparticles on the carbon surface. In this current study, the electrochemical performance of the
obtained NPCs and ACs was investigated to  understand their  characteristic  behaviour  during the
chemical reactions. 
I.3 Motivation
This section discusses the four factors that have motivatedbet the research undertaken in this
MPhil study. First, there is curiosity about the current work on the functionalization of metal-organic
framework (MOF) derived nanoporous carbon materials. Second, there is a need to increase the yield
ratio  of  the  as-synthesized hybrid ZIFs.  Third,  there  is  a desire  to  increase the surface area  and
conductivity of the carbon materials derived from the hybrid ZIFs. Finally, there is curiosity about the
electrochemical behaviour of the obtained NPCs and ACs. 
I.4 Research aims
This thesis provides a strategy to increase the yield ratio of the as-synthesized hybrid Zn/Co ZIFs
and to develop a systematic strategy to increase the surface area of the carbons derived from the
hybrid Zn/Co ZIFs. This thesis also will investigate the electrochemical behaviour of the obtained
NPCs both before and after the activation process. 
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Abstract
Metal–organic framework (MOF)-derived nanoporous carbon materials have attracted significant
interest  due  to  their  advantages  of  controllable  porosity,  good  thermal/  chemical  stability,  high
electrical conductivity, catalytic activity, easy modification with other elements and materials, etc.
Thus,  MOF-derived  carbons  have  been  used  in  numerous  applications,  such  as  environmental
purification,  energy storage systems (i.e.  batteries,  supercapacitors),  and catalysts.  To date,  many
strategies have been developed to enhance the properties and performance of MOF-derived carbons.
Herein, we introduce and summarize recent important approaches for advanced MOF-derived carbon
structures  with  a  focus  on  precursor  control,  heteroatom  doping,  shape/orientation  control,  and
hybridization with other functional materials.
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I.1 Introduction
Carbon is one of the most important elements and can exist in different forms, such as graphite,
diamond, fullerene, and amorphous carbon. To improve performances, nanoporous structures have
been introduced into carbon because nanopores can give a large surface area. Importantly, nanoporous
carbon materials (NPCs) have shown unique properties, such as good electrical conductivity, catalytic
activity, and good thermal/chemical stability. These outstanding properties make them attractive for
various  applications,  such  as  environmental  purification,  energy  storage  systems  (i.e.,  batteries,
supercapacitor), and catalysts  [1-5]. To date, various carbon materials with different pore sizes, from
micropores to macropores, have been extensively studied. Many carbon materials have been produced
in a series of carbonization and activation process with controllable pore structures, such as activated
carbon and templated porous carbons [6-7]. Templated carbon materials have been prepared by various
approaches,  such  as  direct  carbonization  from  carbon  precursors  and  soft-  and  hard-templating-
methods [8]. To enhance the electrochemical performance of the electrode materials, heteroatoms (e.g.,
nitrogen (N), sulfur (S), and boron (B)) have been doped into porous carbons [9]. 
However, the large-scale synthesis of porous carbon is difficult in terms of cost-effectiveness
because  these  methods  require  numerous  synthesis  steps.  To  overcome  these  shortcomings,
researchers have tried to solve the issues by using metal-organic frameworks (MOFs) as sacrificial
templates or precursors [10-11]. MOFs have attracted consideration attention in recent years because of
their abundant diversity of structure and composition [12-15]. In addition, the porosity of MOFs can be
tuned by organic linkers.  More interestingly,  their  structures and functions can be tailored for on
demand applications through the transition metal ions and organic linkers [16-19].
Herein,  we  summarize  recent  works  on  the  synthesis,  structural  characteristics  and
functionalization of MOF-derived NPCs. Much attention will be given to new discoveries of MOF-
derived NPCs derived from MOFs precursors with different organic or inorganic functional moieties
such as N, Co, Sn, Ni, P and hybrid NPCs incorporated with metal oxides or metal nanoparticles. We
also  elaborate  on  how  these  added  functionalities  may  affect  the  performance  of  NPCs  in
electrochemical applications.
I.2 History of MOFs-derived NPCs
Xu et al. reported the fabrication of MOF-derived NPC by using a MOF template with organic
additives [20]. Furfuryl alcohol (FA), with a molecular dimension of 8.4×6.4×4.3 Å3, has been used as a
carbon source  [7].  FA permeated into the micropores of  MOF-5 in a chemical  vapour deposition
(CVD) process and was subsequently polymerized. The decomposition of MOFs and the formation of
NPC frameworks then occurred simultaneously during carbonization under an inert atmosphere. The
5
resulting  NPC showed  a  high  surface  area  (2872  m2g-1)  after  carbonization  at  1000  ºC.  At  low
carbonization temperatures, such as 530 ºC (the decomposition point) or 800 ºC, the surface areas
were 217 or 417 m2g-1, respectively. FA was successfully permeated into MOF and the MOF acted as
both sacrificial template and a secondary carbon source. Later, the same group reported the NPCs
with surface area in range of 1141 to 3040 m2g-1 by using a wet impregnation method with FA at a
low carbonization temperature [22]. After polymerization of FA and a pyrolysis process, hierarchically
porous carbon materials were successfully obtained. In these approaches, it was found that the pore
size depends on the method of penetration of the carbon source into the cavities of MOF-5 and the
carbonization condition. These methods prompted the used of many alternative carbon sources, such
as glycerol, carbon tetrachloride, ethylenediamine, and phenolic resin, in the preparation of MOF-
derived NPCs [23-24].
Owing to the large amount of carbon in the organic linkers in the MOFs, direct pyrolysis of
MOFs without any additional carbon sources can also results in NPCs [25-26]. Recently, Cendrowski et
al. demonstrated NPCs formed through the direct carbonization of MOF-5 at different temperature
under argon atmosphere [27]. After carbonization at between 700 and 900 ºC, they showed a tendency
for agglomeration that significantly reduced the surface areas from 2524 m2g-1 to 1153 and 1,892 m2g-
1, respectively. From these cases, it can be seen that highly nanoporous carbons can be obtained by
carbonization at lower temperatures. 
NPCs  derived  from  MOFs  possess  many  advantages,  such  as  extremely  high  surface  area,
uniform pore sizes, large pore volume, and good thermal and chemical stability. We can expect a wide
range of applications, including purification for drinking water, energy harvesting, energy and gas
storage, absorbents, and catalysts. Recently, many efforts have been made to upgrade the performance
of MOF-derived NPCs.
I.3 Functionalization of MOFs toward current emerging topics
II.1.1 Precursor control
Considerable efforts have been made to synthesis NPCs with uniform particle sizes and shapes
for  potential applications in many aspects. To date, a wide variety of MOFs, such as MOF-5 [28], ZIF-
8 [29], ZIF-67 [30], MOF-199 [31], UiO-66 [32], MIL-53 [33], and Cu3(BTC2) [34], have been considered as
promising carbon precursors for the synthesis of  NPCs.  A wise selection of MOFs as precursors
(inorganic connectors and organic ligands) plays an important role in the structural properties of the
resulted NPCs. Following the above report, Yamauchi et al. controlled the particle sizes of MOF-525
between 100 and 750 nm [35]. After carbonization, they investigated the effect of the particle size on
the electrochemical performance.
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Kim et al. successfully investigated the direct pyrolysis of a series of nonporous Zn-containing
MOFs and found that they can lead to the formation of NPCs with a high nanoporosity [36]. The same
group also proposed a linear relationship between the Zn/C atomic ratio of the starting MOF and
corresponding surface area of the obtained NPCs. This result demonstrated easy control of surface
area by changing the Zn/C ratio of the precursors. Interestingly, the field of MOF structures has been
extended  towards  the  metal-organic  gels  (MOGs)  [37-38].  The  coordination  framework  of  the
synthesized  materials  are  formed by  hydrogen  bonding  and  Van  der  Waals  forces[39].  Zou et  al.
reported a facile way to prepare NPCs from Al-based MOGs (Al-MOGs)  [37].  The resulted NPCs
exhibited an impressive porous property, with a exceptionally high surface area and large pore volume
of 3,770 m2g-1 and 2.62 cm3  g-1,  respectively, because of a hierarchical porous architecture. These
NPCs showed considerable hydrogen uptake and superior electrochemical.
Zhao et  al.  developed carbonized nanoparticles  derived from monodisperse  nanoscale  MOFs
(MIL-88B-NH3) for application as high-performance oxygen reaction reduction (ORR) catalysts  [40].
The obtained onset potential and the half-wave potential for the ORR represent the best ORR activity
of all the non-noble metal catalysts reported so far. Thus, we should explore new MOFs as sacrificial
templates for realizing the best catalytic performance.
II.1.2 Morphological controls
Peng and co-workers synthesized porous carbon polyhedral (PCP) materials derived from Zn-
PBAI MOF (Figure 2.1a)  [41]. The Zn-PBAI was synthesized by combining a T-shaped ligand, 5(4-
pyridine-4-yl-benzoylamino)  isophthalic  acid  (H2PBAI),  with  pyridine  and  isophthalate.  The
formation of a polyhedron shape was initiated by the interaction between six Zn-paddlewheel motifs,
each involving two Zn atoms, and six PBAI ligands to generate an octahedral supramolecular building
block.
Figure 2.1. a) Schematic of the synthesis of porous carbon polyhedral (PCP) and b, c) SEM images of
PCP. Reproduced from Ref.  [41] with permission. Copyright 2017, American Chemical Society. d)
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Schematic of the preparation of porous metal-free carbon (PMFC) and e, f) SEM images of PMFC.
Reproduced from Ref. [43] with permission. Copyright 2018, American Chemical Societ
A 3-D porous metal-organic polyhedral framework was created through connecting each of octahedral
cage. The Zn-PBAI was carbonized at different temperature (800, 900 and 1000 ºC) under a nitrogen
atmosphere, and the surface areas increased significantly from 1037 (PCP-800), 1160 (PCP-900), and
1254 m2g-1 (PCP-1000), respectively. Furthermore, the porous carbons showed high performance in
electrochemical energy storage. In particular, PCP-1000 showed a high capacity that was attributed to
a high surface area, which provide abundant active sites for the storage and transmission of Li ions.
Furthermore, nitrogen and pyridinic groups can improve the functionalization of the PCP, as well as
strengthen the bonding of lithium species and receive more charge from Li ions.
Figure 2.2. a) Schematic illustration of the synthesis of NPC nanobubbles. b) The SAED pattern of
NPC nanobubbles. c) The particle size distribution of NPC nanobubbles. Reproduced from Ref.  [42]
with permission. Copyright 2017, Royal Society of Chemistry.
Hollow carbon nanobubbles were successfully synthesized by Zhang et al. by using chemical
etching  techniques  (Figure  2.2a)  [42].  The  hollow structures  on  ZIF-8  were prepared by  chemical
etching with tannic acid, in which the tannic acid was used either as a protecting agent or an etching
agent. To expand the mesopores further, it was carbonized at 600 oC under N2 atmosphere, followed
by  removal  of  remaining  Zn  surfactants  and  modulators.  As  a  result,  a  wide  range  pore  size
distribution  was  found  for  the  hollow carbon  nanobubbles,  including  micropores  (<  2  nm)  and
mesopores in the range of 6 to 40 nm. However, the surface area of the hollow carbon nanobubbles
was only 700 m2g-1, which is lower than that of the non-hollow carbon nanoparticles (900 m2g-1). 
Recently, ordered-porous metal-free carbon (o-PMFC) with uniform rod-like morphology was
successfully synthesized (Figure 2.1d) by using Zn-MOF nanorods [29]. Interestingly, the formation of
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rod-shaped  morphology  (Figure  2.1e,f)  occurs  without  surfactants  and  modulators.  After
carbonization  under  N2,  o-PMFC  was  successfully  obtained.  o-PMFC  demonstrates  good  water
dispersibility  and  strong  interaction  with  glycans.  When  it  used  to  capture  N-glycans,  o-PMFC
showed  a  higher  absorption  capacity  than  activated  carbon.  Recently,  Xu  et  al.  reported  a  self-
templated,  catalyst-free  strategy  for  the  synthesis  of  one-dimensional  carbon  nanorods  by
morphology-preserved thermal transformation of rod-shaped MOFs. The as-synthesized non-hollow
(solid)  carbon  nanorods  could  be  transformed  into  graphene  nanoribbons  through  sonochemical
treatment followed by chemical activation. This approach, without any complicated steps, is readily
scalable and could be used to produce carbon nanorods and graphene nanoribbons on industrial levels
[30]. 
Other groups have successfully  synthesized nano-diatom porous carbon by introducing guest
species,  as  shown  in  Figure  2.3  [31].  They  obtained  porous  carbon  with  different  shapes  of
nanoparticles such as polyhedral, fiber and web-like (Figure 3b-e) after pyrolysis at 800 ºC under
argon. When applied to Li-B batteries, the nano-diatom electrode could deliver a capacity of up to 830
mAhg-1 in the primary discharge/charge after 10 cycles at a current density of 0.2 A g-1 and over 600
mA h g-1 after 10 cycles at a current density of 1 Ag -1. Interestingly, this electrode material showed
capacity retention of over 75% after 500 cycles. When compared with current commercial graphite
electrodes,  the  nano-diatom  electrode  showed  a  better  stability  and  performance.  This  excellent
performance  was  attributed to  their  unique structures  because improved electrolyte  access  to  the
active sites.  For practical  applications in supercapacitors,  the direct  preparation of electrode on a
conductive substrates is crucial to diminish resistance between the electrode material and the current
collector. Therefore, our group recently developed a new method for fabricating ZIF-8 and ZIF-67
nanowires through a simple and facile CVD method on a conductive carbon cloth (Figure 2.4) [32].
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Figure  2.3.  a)  Preparation  procedure  for  the  fabrication  of  nano-diatoms  derived  from  guest
impregnation of a polyhedral MOF. SEM images of nano-diatoms with b, c) a web-like surface and d,
e)  a  fiber-like  structure.  Reproduced  from  Ref.  [45] with  permission.  Copyright  2018,  American
Chemical Society.
This approach opens up a new way for solvent-free synthetic route of MOFs. Co3O4-loaded NPC
nanowire arrays were prepared by further thermal treatment. Co3O4 is known as a faradic metal oxide
with a high theoretical  capacitance.  Due to the presence of Co catalyst,  ZIF-67 was successfully
converted to highly conductive sp2-type carbon. The obtained hybrid electrodes exhibited a high areal
capacitance with stable cycling. A simple synthesis of MOFs via the chemical vapor method offers a
promising new platform to design conductive, ultra-high surface area carbon electrodes. 
Figure  2.4.  a)  Schematic  illustration  of  the  synthesis  of  ZnO@ZIF-8-x-y  and  Co(CO)3
0.5(OH)·0.11H2O@ZIF-67-x-y by using 2-MeIm vapor (x and y are the synthesis temperature and
synthesis time,  respectively. b)  advantages of CO3O4/NC hybrid materials.  SEM images of c)  the
original  ZnO arrays  and  g)  Co(CO3)0.5(OH)·0.11H2O arrays  grown on  conductive  carbon  cloth.
d)Low-magnification and e) high-magnification SEM images and f) TEM image of the ZnO@ZIF8
sample  grown at  100  Cfor  15  h  (i.e.  ZnO@ZIF-8–100-15).  h)  Low-magnification  and  i)  high-ᵒ
magnification  SEM images  and  j)  TEM image  of  the  Co(CO3)0.5(OH)·0.11H2O@ZIF-67-90-15)
sample grown at 90 C for 15 h (i.e. Co(COᵒ 3).0.5(OH)·0.11H2O@ZIF-67-90-15. Reproduced from Ref.
[19] with permission. Copyright 2018,
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Ma et al. also reported hybrid porous nanowire arrays composed of strongly interacting Co 3O4
and carbon, prepared by the facile carbonization of the MOF grown on Cu foil. The resulting material,
with a high surface area and high carbon content, could be directly used as the working electrode for
oxygen evolution  reaction  without  the  need  for  extra  substrates  or  binders.  The  resulting  hybrid
Co3O4-carbon porous nanowire arrays can also efficiently catalyze the ORR, and feature a desirable
four-electron pathway for reversible oxygen evolution and reduction, which is potentially useful for
rechargeable metal–air batteries, regenerative fuel cells, and other important clean energy devices [33].
Meng et  al.  develop a general  method for  the  oriented synthesis  of  precise  carbon-confined
nanostructures by low-pressure vapor superassembly of a thin MOF shell and subsequent controlled
pyrolysis [47]. The selected nanostructured metal oxide precursors not only act as metal ion sources but
also orient the superassembly of gaseous organic ligands through coordination reactions under low-
pressure condition, which results in the formation of a tunable MOF shell  on their surfaces. This
synthetic approachand proposed mechanism open new avenues for the development of functional
nanostructured materials in many frontier fields.
II.1.3 Introduction of heteroatoms into MOF-derived carbons
It is known that the introduction of heteroatoms such as sulfur, boron, or nitrogen, into a carbon
structure can enhance the physical, chemical and electrical properties of NPCs  [48-50]. For example,
nitrogen-doping  can  enhance  electrochemical  performance,  which  has  promising  potentials  as
catalysts, H2 storage, CO2 adsorbents, and electrode materials. 
Figure 2.5. a) Preparation procedure for N-doped NPC: i) RT synthesis of ZIF-8 crystals; ii) pyrolysis
of the ZIF-8 crystals under N2; iii) acid leaching to generate the N-doped NPC catalyst. The TEM
images of b) ZIF-8 and c) N-doped NPC. Reproduced from Ref. [51] with permission. Copyright 2018,
American Chemical Society.
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Wang et al.  reported the functionalization of NPCs by nitrogen doping, which has promising
potential  for  catalyst,  which  could  enhance  the  catalytic  performance.  The  porous  carbon  was
prepared by direct carbonization of ZIF-8 precursors at different temperature (700, 800, and 900 ºC)
under N2, followed by the removal of zinc oxide nanoparticles by using acid treatment (Figure 2.5) [51].
The resulting materials were applied as electrocatalyst  in the electrochemical reduction of carbon
dioxide. Interestingly, the Faradaic efficiencies for carbon monoxide (∼78%) formation reached as
high as about 78%. The carbonization temperature could control the amount and the accessibility of N
species in the NPCs, in which pyridinic-N and quaternary-N species play key roles in the selective
formation  of  carbon  monoxide.  Wu  and  co-workers  synthesized  dual-heteroatom  doped-hollow
carbon by synergistic etching and surface functionalization with tannic acid [52]. ZIF-8 served as both a
precursor and a nitrogen-source, whereas 1,4-benzene diboronic acid (DBBA) was used as a boron-
source. After carbonization with tannic acid, N/B co-doped hollow carbon materials were obtained.
The excellent ORR performances can be assigned to the large surface area and the existence of co-
dope B and N, which can act as active sites to facilitate oxygen absorption and reduction.
Very recently, Ma et al. investigated the tri-doped (N, P, and S) hollow carbon shells (NPSC) [53].
NPSC  materials  were  prepared  by  mixing  ZIF-67  with  poly(cyclotriphosphazeneeco-4,40-
sulfonyldiphenol), followed by pyrolysis at different temperature under N2 and acid etching (Figure
2.6a). The porous hollow shells were successfully doped with N, S, and P, as shown in Figure 6b-f. 
Figure 2.6. a) Preparation of NPSC at different temperatures (600, 700, 800 8C) from ZIF-67 and
PZS;SEM images of b) ZIF-67, c)NPSC-600, d)NPSC-700, and e) NPSC-800; and TEM images of f)
ZIF-67, g) NPSC-600, h) NPSC-700, and i) NPSC-800. Reproduced from Ref.  [53] with permission.
Copyright 2018, Elsevier.
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Such heteroatom-doped carbon materials are attractive catalysts for peroxymonosulfate (PMS)
activation and environment remediation. The synergistic effects of N, P, and S doping greatly break
the electroneutrality of pristine carbon structures, promote the O-O breakage of PMS, and facilitate
the generation of radicals. Oxygen co-doped NPC is useful for enhancing the absorption capacity for
methylene blue (MB). This NPCs were prepared by a direct carbonization process of MOFs under an
inert gas streamed with water steam [48], which acts as the oxidizing and activating agent. The steam-
water treatment increased the concentration of O in the sample. When the absorption capacity for MB
was evaluated, it showed a higher absorption capacity.
II.1.4 Functionalization with nanoparticles (metals, metal oxides, metal sulphides)
It is interesting to extend the synthetic method to enhance NPCs further through the deposition of
functional  metal,  metal  oxide,  or  metal  sulfide  nanoparticles  into  NPCs.  Magnetic  Co/NPC
composites were prepared by direct  one-step carbonization of ZIF-67, a  Co-containing MOF  [54].
Unlike  the  previously  mentioned  methods,  this  approach  can  maintain  a  rich  content  of  highly
crystalline magnetic Co nanoparticles that are uniformly distributed over the NPCs. Therefore, the
obtained Co/NPC composite shows a strong magnetic response.
Figure 2.7. a) Preparation procedure for Fe3O4/NPC;SEM images of b) NPC and c) Fe3O4/NPC; and
TEM images of d) NPC and e) Fe3O4/NPC from Ref. [57] with permission. Copyright 2016, Elsevier.
Cheng  et  al.  reported  a  successful  deposition  of  Cu  nanoparticles  on  MOF-5-C  that  was
fabricated by direct carbonization of MOF-5 without any additional carbon sources  [55]. The surface
area of MOF-5-C (2524 m2g-1) was higher than that of Cu@MOF-5-C (2039 m2g-1). In the catalytic
activity  for  the  A3-coupling  reactions,  Cu@MOF-5-C  had  a  higher  catalytic  activity,  even  with
smaller surface area. This occurs due to synergetic interaction between the Cu nanoparticles and the
matrix of porous carbon. Guo et al. synthesized Sn@NPC in two steps; (1) carbonization of ZIF-67 at
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temperature of 800 ºC under argon, followed by removal of the Co nanoparticles using hydrochloric
acid, and (2) chemical reduction of Sn species in the NPCs. The Sn nanoparticles were uniformly
dispersed into the carbon matrix [56]. The surface area of the NPC before Sn deposition was 547 m2g-1
and after the Sn deposition a decreased surface area of 134 m2g-1. When this material was used as the
anode materials in a Lithium-ion battery, it showed good performance with high initial discharge and
charge capacities (1440 mAhg-1 and 818 mAhg-1 at a current density of 200 mAg-1). In addition, this
material had 51% capacity retention (741 mAhg-1) even after 200 cycles at a current density 200 mAg -
1. Such high Li storage capacity and excellent rate performance may be associated with unique carbon
frameworks  that  provide  abundant  active  sites  and  buffering  for  the  volume  changes  of  the  Sn
nanoparticles during charging and discharging process. 
Figure  2.8.  a)  Schematic  of  the  fabrication  of  NPC-Co3O4  composite  for  glucose  sensor  and
supercapacitor applications. b) SEM image of the as-synthesized ZIF-67 and c) TEM image of NPC-
Co3 with permission. Copyright 2018, Elsevier.
Jiao et al. has successfully synthesized magnetic NPCs (Fe3O4/NPC) which was derived from
MOF-5 and Fe salt that were used as a carbon and a magnetic precursor, respectively (Figure 2.7a) [57].
The synthesized Fe3O4/NPC was obtained through in situ chemical co-precipitation of Fe2+ and Fe3+
onto the NPCs, which was prepared from carbonization of at 900 ºC under a nitrogen atmosphere. The
TEM and SEM images clearly show that nano-sized Fe3O4 particles were homogeneously dispersed
on the NPC matrix (Figure 7b-e). The adsorption data also showed a high adsorption capacity (292.4
mg g-1 at 298 K) and rapid adsorption rate for the organic dye methylene blue (MB). Haldorai et al.
synthesized  a  NPC-Co3O4 composite  from  ZIF-67  at  900  ºC  under  a  nitrogen  atmosphere  after
14
removal  of  Co  nanoparticles  with  10%  HF  solution  (Figure  2.8a)  [58].  In  pseudocapacitors,  the
synthesized NPC-Co3O4 composite showed a high specific capacitance of 885 Fg -1 at  2.5Ag-1.  An
excellent stability was achieved with only 6.0% capacitance loss after 10000 cycles. In addition, NPC-
Co3O4 could be used as an electrode for the detection of glucose. The improvement came from the
synergistic effects between components in the nanostructured NPC-Co3O4 composite, and the high
surface area and higher ionic conductivity. 
Chen et al. reported a porous carbon composite, (Ni1Co4S@C) formed by using Ni-substituted
ZIF-67 as the precursor in a one-step simultaneous carbonization and sulfurization process  [59]. The
metal sulphide nanoparticles were homogeneously embedded into the porous carbon matrix, which
remarkably strengthened the interaction between metal sulphides and the carbon matrix. The large
surface area  provides  enough sites  for  diffusion of  ions  through the highly porous substructures,
which are crucial for the electrochemical activity of the electrodes. These findings pave a way to the
development of effective and promising alternative electrocatalysts for the oxygen evolution reaction
(OER), ORR and hydrogen evolution reaction (HER) in the next generation of energy storage and
conversion technologies. Another group also reported porous Cu@graphitic octahedron carbon cages
from  a  Cu-based  MOF  [34].  The  resulting  material  exhibited  good  enrichment  ability  for  four
fluoroquinolones (FQs) due to their superior chemical affinities for the target analytes.
II.1.5 Unique catalytic effect of Co nanoparticles to grow carbon nanotubes
Meng et al. synthesized ZIF-67, followed by thermal treatment at a low temperature (435 ºC)
under argon (Figure 2.9a) [60]. Interestingly, reducing gasses such as H2 and NH3, were released during
the pyrolysis reaction, which could convert metal ions into metal nanocatalysts beneficial for catalysis
of organic ligands and generate highly oriented CNTs.
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Figure 2.9. a) Preparation procedure for N-CNTs from ZIF-67 and SEM images of b)fresh ZIF-67 and
samples prepared after low-temperature pyrolysis at 4358C under argon for c) 0.5 and d) 8h.e,f)SEM,
g, h) TEM, and i) HRTEM images of N-CNT-assembled hollow dodecahedra. Reproduced from Ref.
[60] with permission. Copyright 2017, American Chemical Society.
The growth direction of CNTs is from inside to outside, which creates hollow interior voids after the
carbonization process. The obtained hollow dodecahedra (N-CNTs-650) showed increased catalytic
activities toward ORR (0.85 V) compared with Pt/C (0.83 V) in an oxygen-saturated solution of KOH
(0.1  molL-1).  In  addition  to  the  outstanding  ORR  mentioned  above,  the  composite  displayed  a
discharge capacity of 1030 mAhg-1 after 250 cycles at a current rate of 0.1 Ag -1. The hollow interior
space and multilevel pores also allow the fast diffusion of charged species onto the surface of the
active sites.
Figure 2.10. a) Schematic of the synthesis of bimetallic Co/Zn ZIF; SEM images of b) bimetallic ZIF
and c) carbonized hybrid ZIF; and TEM images of d) residual Co particles and e) graphitic CNTs on
the  surface  of  the  as-prepared  nanoporous  carbon.  Reproduced  from  Ref.  [61] with  permission.
Copyright 2017, Elsevier
Another type of NPCs was prepared from a bimetallic ZIF that is composed of Co2+ and Zn2+
with  2-MIM as  an  organic  linker  (Figure  2.10a).  After  carbonization,  the  samples  were  washed
extensively with HF acid solution to remove residual Zn and Co. Interestingly, a large portion of
multiwalled CNTs (MWCNTs) on the NPCs matrix was observed. When evaluated as an electrode for
capacitor, the NPC had a potential window of up to 0.8V and a specific capacitance of about 10 Fg -1 at
all current densities, even high current density (10 Ag-1). Such outstanding electrochemical behaviour
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can be ascribed  to  the  presence  of  CNTs,  which provide  abundant  active sites  that  improve  the
electrical  conductivity  and enhance ion  diffusivity.  Kim and co-workers  successfully  synthesized
another hybrid NPC derived from ZIF-8 (Zn2+) and ZIF-67 (Co2+; Figure 2.11a), and subsequently
carbonized the obtained material at  temperature 800 ºC under argon  [62].  The presence of hair-like
CNT on the NPC surfaces derived from Co/Zn-ZIF, as shown in Figure 2.11c,d. The electrochemical
performance of the materials showed high capacitance values of 286 Fg -1 at 2.5 Ag-1 and 103.7 Fg-1 at
10 Ag-1, respectively, in a three-electrode configuration with 0.5 M H2SO4, as the electrolyte. 
Figure 2.11. a) Schematic of the synthesis of hybrid Co/Zn (2:1)-ZIF from metal precursors and 2-
methylimidazole ligand, and carbonization to form amorphous and graphitic nanoporous carbon; SEM
images of b) hybrid Co/Zn (2:1)-ZIF, c) carbonized nanoporous carbon (NPC), and d) CNTs on the
surface of NPC; e) high-resolution TEM image of CNTs on the surface of NPC; f,g)TEM images, h)
high-angle annular dark field-scanning TEM (HAADF-STEM) image, and i) EDS mapping of hybrid
Co/Zn-ZIF. Reproduced from Ref. [62] with permission. Copyright 2016, Royal Society of Chemistry.
A highly uniform hybrid carbon material has been prepared by in-situ growth of CNTs from MOFs,
with the cobalt species as the catalyst for CNTs growth and dicyandiamide (DICY) as the sacrificial
agent for the formation of graphitic carbon [63]. Polygonal structures and CNTs could be observed on
the  edge  of  polygon  carbon  in  the  SEM  images  (Figure  2.12b-d).  The  cobalt  nanoparticles  and
heteroatomic nitrogen can help the immobilization sulfur species, which results in the formation of a
hybrid composite (CNT@Co-N-C/S). This electrode material is capable of attaining an energy density
of up to 970 mAhg-1 at  0.2C.  Furthermore,  it  showed good stability with nearly 79.8% capacity
retention  after  500  cycles.  This  excellent  performance  is  supported  by  the  formation  of  Co
nanoparticles that are distributed on the carbon matrix (Figure 12e). In addition, the CNT@Co-N-C/S
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showed high electrical conductivity because of CNT on the carbon-sulfur composites, which not only
shorten the penetration distance for ions into the porous structure but also facilitate electrolyte access.
Huang et al. reported a similar phenomenon. New nanocomposites consisting of nanostructured Co3O4
and WCNTs are highly desirable for improvements in the electrochemical performance of lithium-ion
batteries [64].
Figure 2.12. a) Illustration of the synthesis of CNT@Co-N-C;SEM images of b) ZIF-67, c) Co-N-C, 
and d) CNT@Co-N-C carbonized at 7008 C with 30% DICY; e)TEM image of CNT@Co-N-C. ᵒ
Reproduced from Ref. [63] with permission. Copyright 2018, Elsevier.
II.1.6 Hybridization of MOF-derived NPCs with carbon nanotubes, graphene nanosheets, 
and related nanomaterials
Hybridization is  known to be an effective way to upgrade the functionality and stabilitiy of
NPCs. Tan et al. reported the hybridization of ZIF-8 with CNTs, as shown in Figure 2.13a [65]. ZIF-8
was used as precursors and CNT as the skeleton for assembly of ZIF-8 nanocrystals. The obtained
hybrid materials after carbonization at 1,000 ºC under N2, were clearly confirmed by SEM and TEM
images (Figure 2.13b, c).  A relatively high specific capacitance (up to 75.1 Fg -1 at  1 Ag-1 in 1  M
H2SO4) was realized, which was attributed to the strong interaction between carbons and CNTs. Wang
et al. also developed a similar approach [66]. A ZIF-CNT hybrid material was carbonized at 1000 ºC
under  Ar  and an  additional  injection  of  NH3 (10 vol%)  increased  the  N content  in  the  obtained
material. The optimized sample showed a half potential (E1/2) of 0.899 V in 0.1 M KOH, which was
higher than that of  Pt/C (E1/2 = 0.881 V). Furthermore,  this  catalyst  showed a higher ORR onset
potential  of  1.05 V, compared with Pt/C (1.02 V).  The specific activity at  0.80 V was over 700
mAcm-2,  which  was  higher  than  that  of  Pt/C  catalyst  (114.4  mAcm -2).  The  superior  catalytic
performance was mainly associated with the synergistic effects between NPC and CNTs along with
an abundant  N content.  Bao et  al.  reported a  hierarchical  architecture  of  MWCNT@Mesoporous
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carbon (MWCNT@meso-C) by using a unique MWCNT@MOF-5 as both template and precursor.
Active  sulfur  was  encapsulated  into  the  MWCNT@Meso-C  matrix  fo  give  a  high-performance
lithium sulfur  battery.  MWCNT@Meso-C is  a  promising host  material  for  the  sulfur  cathode  in
lithium-sulfur battery applications [67].
Figure 2.13. a) Illustration of the synthesis of N-doped NPC from ZIF-8/CNT; b) SEM and c) TEM
images of the NPC composite. Reproduced from Ref. [65] with permission. Copyright 2017, Elsevier.
Another work was performed by Park et al., in which NPCs were functionalized with crumpled
graphene balls (CGBs; Figure 2.14a) [68]. The CGBs act as a conductive matrix for the formation of
polyhedral  MOF  through  vander  Waals  forces  between  the  CGBs  and  organic  precursor.  The
polyhedral MOF was carbonized at 700 ºC under an argon atmosphere, followed with spray pyrolysis
of CGBs and diffusion of Se into the micropores of the carbon matrix. The discharge capacity of the
NPC/CGB-Se electrode in a lithium-selenium battery was up to 998 mAhg -1 at a current density of 0.5
C in a non-aqueous electrolyte. In addition, the NPC/CGB-Se showed a remarkable cycle stability
with a discharge capacity of 462 mAhg-1 over 1000 cycles. Such excellent electrochemical properties
can be associated with the unique pore structure of the composite, which not only increased Se-ion
diffusion  but  also  enhanced electrolyte  penetration.  Ge  and co-workers  reported  the  synthesis  of
MOF-derived core-shell  structured CoP@C polyhedrons anchored on 3D reduced grapheme oxide
(RGO) on nickel foam (NF) as a binder-free anode for high-performance sodium-ion batteries (Figure
2.15) [69]. ZIF-67-GO-NF was first prepared at room temperature, then carbonized and phosphatized at
400 C. Further carbonization of ZIF-67-RGO-NF was performed at 350 ºC under argon to obtain theᵒ
ZIF-67-derived  core-shell  Co@C  polyhedral  structure.  Finally,  an  in-situ  low-temperature
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phosphidation process was carried out to obtain CoP@C polyhedrons. This hybrid material showed a
higher  initial  discharge-charge  capacity  (2455.6/1163.5  mAhg−1)  compared  with  CoP@C
(1908.5/746.2 mAhg−1) in sodium-ion battery-test. In addition, the electrode was able to retain 47.3%
of its original capacity after 100 charge-discharge cycles. This high initial charge-discharge capacity
and stability can be explained by the unique core-shell-structured CoP@C and RGO networks that
can accommodate the diffusion of species through the highly porous substructures and buffer the
volume changes during charge and discharge processes. 
Figure 2.14. a) A schematic diagram of the synthesis of NPC/CGB-Se composite ;b)SEM and c)TEM
images  of  NPC/CGB-Se.  Reproduced  from Ref.  [68] with  permission.  Copyright  2018,  American
Chemical Society.
Jin  and  co-workers  reported  natural  halloysite  nanotubes  (HNTs)  hybridized  with  MOFs  to
prepare novel composites [70]. Pre-treatment with a  sulfuric acid/nitric acid mixture was a key process
to obtain halloysite with carboxylic group. Then, the halloysite was mixed with triethylamine and
DMF to  produce  a  MOF/  halloysite  composite,  followed by  calcination  under  N2.  The  resulting
carbon material showed good hydrogen absorption of 0.23 wt% at 2.65 MPa. Further decoration with
transition metals, such as Al, Pd and Ni, enhanced the hydrogen absorption performance. The Pd-
loaded carbon material had hig aher hydrogen absorption of 0.32 wt% at 25 ºC and 2.65 MPa.
20
Figure 2.15. a) Schematic illustration of the synthesis of CoP@C-RGO-NF; b) SEM and c) TEM
images of CoP@C-RGO-NF. Reproduced from Ref. [69] with permission. Copyright 2017, Elsevier.
I.4 Supercapacitors
Supercapacitors (SCs) are energy storage technologies with a fast charge-discharge rate, long
lifetime, and high power density [71, 72]. SCs are grouped into two types, based on their charge storage
mechanism, namely, electric double-layer capacitors (EDLCs) and pseudocapacitors. In the EDLC
system, ions are captured and released through a non-faradaic mechanism (no chemical reaction) at
the interface between the electrode and the electrolyte. On the other hand, faradaic reactions occur at
the  electrode  surface  of  a  pseudocapacitor.  The  faradaic  reaction  involves  a  reduction-oxidation
reaction when the voltage is applied.   
Here, we focus on electrode materials for symmetric EDLC application, including strategies to
improve their efficiency and morphological features that are suitable for their structure. There are
several strategies to enhance the performance of these devices, such as the development of electrode
materials with high specific surface area (SSA), hybridization with other functional materials, and
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shape/orientation  control.  Generally,  an  electrode  with  a  high  SSA contains  pores  with  multiple
diameters (i.e. macropores, mesopores, and micropores) with different pore size distributions (PSD).
A large SSA for the electrode materials is one of the critical factors that influence capacitance. This is
described by the formula: 
C = εrε0A/d,
Where  C is the specific capacitance (F·g-1),  εr is the real dielectric constant of the electrolyte, ε0 is the
vacuum permittivity, A is the surface area, and d is the separation distance between charges [73]. From this
equation, a linear relationship exists between C and A, in which the value of C depends on the value of A.
This linear relationship has been found in previous studies [74, 75]. In other reports by Endo et al. and Qu et al.,
however, it was mentioned that there is no correlation between C and A [76, 77]. A possible reason for this
deviation is that the SSA measured by the Brunauer-Emmett-Teller (BET) machine may not represent the
actual surface area that can be accessed by charged species in the electrolyte, in which the pore size
distribution (PSD), pore types, and pore shapes become other aspects that influence the specific capacitance
[78]. Therefore, to enhance the specific capacitance of the EDLC, besides the SSA, the pore size distribution,
pore types, and pore shapes are the main factors that influence its electrochemical properties. Moreover, the
microstructure of the electrode materials, such as AC [79], graphene [80], carbon nanotubes (CNTs) [62], and
metal oxide composites [81], can also improve their electrochemical properties. 
I.5 Conclusion
In  our  review,  we  introduced  the  recent  progress  of  MOF-derived  NPCs  with  appropriate
functionalization  methods.  By  precisely  tuning  the  pore  structures,  shapes,  and  framework
compositions,  improved  properties,  such  as  magnetic  properties,  catalytic  activity,  absorption
capacity, and capacitance, can be achieved. By controlling the shapes of the MOF crystals, we can
prepare many kinds of MOF-derived NPCs such as hexagonal, cubes, hollow spheres, flakes, tubes,
and foams. Importantly, heteroatom doping and encapsulation of nanoparticles on the NPC matrixes
are very effective to optimize the physical and chemical properties. However, there are still many
obstacles  that  need  to  be  overcome  to  synthesis  highly  ordered  MOF-  derived  NPCs.  A  better
approach for the fine control of the pore sizes in carbon nanoparticles is required. Future works should
determine how to control the shapes and sizes of carbon nanopores and find the best way to transfer
guest species into the nanopores carbon surface. We are expecting to discover new MOF-derived
NPCs  structures  and we believe that  the  resulting NPCs will  be  extended to other  undiscovered
research sectors and diverse applications.
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Chapter III
Gram-scale synthesis of bimetallic ZIFs and their thermal conversion to
nanoporous carbon materials
Abstract
High  yield  hybrid  Zn/Co  zeolitic  imidazolate  frameworks  (ZIFs)  have  been  successfully
synthesized  in  aqueous  solution  at  room  temperature  for  which  three  different  molar  ratios  of
Zn2+/Co2+ were selected, namely 3:1, 1:1, and 1:3. Each of synthesized materials was carbonized at
800 °C under N2 atmosphere for 3 hours with a heating rate of 5 °C/min. The obtained nanoporous
carbons  (NPCs)  were  further  activated by using  KOH in  a  1:1  ratio  (wt/wt)  of  KOH/NPC.  The
resultant NPCs and activated carbons (ACs) were applied as electrode materials for supercapacitor
applications. The characteristics and properties of these materials were comprehensively investigated
by  using  various  physicochemical  techniques,  including  scanning  electron  microscopy  (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS),  nitrogen  adsorption-desorption  isotherms,  and  Raman  spectroscopy.  The  electrochemical
performance of the as-prepared NPC and AC samples was evaluated from cyclic voltammetry (CV).
The  results  showed  that  the  capacitance  performance  of  AC-1:1  was  the  best,  as  its  specific
capacitance outcompetes those of the other samples at all scan rates, except at 1 mV s-1.  
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III.1 Introduction
Continuous consumption of fossil fuels has negative effects on the environment, such as from
global warming emissions and air pollution. To eliminate these issues, many researchers have made
great  efforts  to  develop  renewable  energy  sources,  including  solar  energy,  wind  power  energy,
geothermal energy,  etc. [1]. Such energy supplies are not stable, however, because they are strongly
influenced by environmental conditions. Therefore, it is essential to establish effective and efficient
energy storage, to stabilize the grid and prevent grid disruption, as well allowing renewable energy to
be stored for  later  use  [2].  Secondary batteries  and supercapacitors  are  the  most  common storage
devices that can be utilized to collect electrical energy [3]. Supercapacitors based on different charge
mechanisms are  divided into electrical  double  layer  capacitors  (EDLCs)  and pseudocapacitors  [4].
EDLCs  store  charge  by  ion  absorption/desorption  onto/from  the  electrode/electrolyte  interfaces,
whereas pseudocapacitors store energy by a surface redox reaction. EDLCs have gained significant
attention due to their outstanding properties, including high power densities, fast charge/discharge,
and very long life cycles. Nevertheless, their poor energy density, high production cost, low voltage
per cell, and high self-discharge have become the major challenges for this material. To overcome
these barriers, researchers around the world are devising great new strategies to develop new electrode
materials.
Metal-organic  frameworks  (MOFs) are  formed  by  coordination  reactions  of  metal  ions  and
organic linkers [5]. These materials can be utilized as promising carbon precursors, and the resulting
carbon materials are useful for a broad range of electrochemical applications due to their intrinsic
characteristics, such as high surface area, controlled chemical functionality, and uniformly sized pores
[6]. Many ZIFs, which are typical carbon precursors, recently have been synthesized by using various
organic  solvents  such  as  methanol,  N,N-dimethylformamide  (DMF),  and  N,N-diethylformamide
(DEF)  [7]. These organic solvents have different polarities and solubilities, which are crucial for the
formation of high-quality MOF crystals.  For example,  Biswas  et  al.  have reported the effects of
different solvents on the formation of new MOF structures having different pore sizes, shapes, and
connectivity  [8]. Kim and  co-workers  have  successfully  synthesized  hybrid  ZIFs  with  polyhedral
shapes by using methanol as the organic solvent [9]. The hybrid ZIFs obtained by this method showed
a relatively low yield, however. In addition, methanol solvent is quite expensive, toxic, and highly
flammable.
More interestingly, the electrochemical properties of MOF-derived carbons can be improved by
incorporating  metal,  metal  oxide,  or  metal  sulfide  nanoparticles  on  the  carbon  surface  [10].  For
example, Kim et al.  successfully synthesized hybrid Co/Zn-ZIF carbons, in which the NPCs were
functionalized with Co nanoparticles  [9].  The Co can serve as a catalyst for the growth of carbon
nanotubes (CNTs). The obtained composite materials showed good stability with nearly 70% capacity
retention  after  10,000  charge-discharge  cycles.  The  obtained  surface  area  was  only  415  m 2·g-1,
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however, which was much lower than that of ZIF-8 derived carbon without Co content. Therefore, in
this study, a new strategy has been developed to increase the active surface area via further treatment
of NPCs using KOH as an activation agent. 
In this study, an economical,  environmentally-friendly, and high-yield synthesis of hybrid ZIF
(with different Zn2+/Co2+ ratios) has been developed by using deionized water as the solvent. The
morphology  and  structure  of  the  obtained  MOFs,  NPCs,  and  activated  NPCs  (ACs)  were
characterized  by  scanning  and  transmission  electron  microscopy  (SEM  and  TEM),  X-ray
photoelectron  spectroscopy  (XPS),  nitrogen  adsorption-desorption  isotherms,  wide-angle  X-ray
diffraction (XRD), and Raman spectroscopy. The results show a significant decrease in the surface
area for a lower zinc concentration or a higher cobalt percentage.
III.2 Experimental (specific to chapter 3)
III.2.1 Preparation of nanoporous carbon
Bimetallic ions (Zn2+/Co2+) with different molar ratios were prepared according to the reported
procedure [11]. The Zn/Co molar ratios were 3:1, 1:1, and 1:3, respectively. Zinc acetate dihydrate and
cobalt acetate tetrahydrate with the desired molar ratios of Zn2+ to Co2+ ions were diluted in water (10
mL)  .  2-methyl  imidazole  (CH3C3H2N2H,  1.12  g)  was  separately  diluted  in  water  (10  mL).
Subsequently, these two solutions were mixed together and stirred for 10 min until the mixture was
homogeneous. The resulting solutions were kept at room temperature for 24 h, and the powders were
extracted  by  using  a  centrifuge  at  a  rotational  speed  of  3750  rpm.  The  resulting  powders  were
thoroughly washed several times with water and then dried at 60 ºC in vacuum. After that, the as-
synthesized ZIF powders were carbonized at a temperature of 800 ºC for 3 hours under nitrogen. The
obtained porous carbons were etched with 1 M HCl solution overnight at room temperature. After
centrifugation, the obtained powders were washed several times to increase the pH until it was close
to  7.0.  The  resulting  NPCs  were  denoted  as  NPC-3:1,  NPC-1:1,  and  NPC-1:3,  respectively.  For
activation, the NPCs were immersed in saturated KOH solution and dried at room temperature prior to
the pyrolysis process. The obtained powders were activated at 800 °C under nitrogen with a heating
rate of 5 °C min-1 and subsequently washed with HCl (1 M) solution. The obtained samples were
denoted as AC-3:1, AC-1:1, and AC-1:3.
III.2.2 Characterization
Field  emission-scanning  electron  microscopy (FE-SEM) was  operated  with  JEOL JSM-7100F
microscope at 10.0 kV. Transmission electron microscope (TEM) and scanning TEM (STEM) were
operated at 100 kV with TEM microscope HT7700. Powder X-ray diffraction (PXRD, D8 Advance,
Bruker) was used to study crystal structures of materials with Cu-Kα radiation at 40 kV and 40 mA.
The  elemental  composition  and  the  electric  structure  were  investigated  by  X-ray  photoelectron
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spectroscopy (XPS) using mono Al Kα (1486.6eV) X-rays. The porosity and specific surface area of
the samples were measured by Quadrasorb SI automated surface area & pore size analyzer.
III.2.3 Electrochemical measurement
Electrochemical  measurements  were  carried  out  at  room temperature  with  6  M KOH as  the
electrolyte in a three-electrode system. The slurry for the electrodes was prepared by mixing 80 wt.%
carbon sample, 10 wt.% polyvinylidene fluoride (PVDF), and 10 wt.% carbon black in 100 µL of N-
methyl-2-pyrrolidone (NMP).  The slurry was thoroughly mixed by ultrasonication before  loading
onto a 1 cm × 1 cm graphite electrode. The as-prepared slurry electrodes were dried in a vacuum oven
at 60 °C overnight. Cyclic voltammetry was conducted at multiple scan rates of 1, 5, 10, 20, 50, 100,
200, 300, and 500 mV s-1.
III.3 Results and Discussion
Figure 3.1a-c shows typical SEM and TEM images of hybrid bimetallic ZIFs (ZIF-3:1, ZIF-1:1,
and ZIF-1:3). 
Figure 3.1 SEM images of (a) MOF-3:1, (b) MOF-1:1, (c) MOF-1:3, (d) NPC-3:1, (e) NPC-1:1, and
(f) NPC-1:3, respectively. 
Polyhedron shapes can be observed, and the average particle sizes are in the range of 1-3 µm.
Wide-angle XRD patterns of water-based ZIFs shows similar crystal structure with ZIFs prepared
with methanol-based solution (Figure 3.2a). This synthetic strategy is promising for the preparation
of high-yield hybrid ZIFs because it can increase the yield ratio of the product without changing the
crystal structure. 
As shown in Figure 3.2b, the yield of the water-based synthesis can increase to 10 times compared
with  methanol-based  synthesis.  Nitrogen  absorption  isotherms  were  collected  for  all  the  hybrid
bimetallic ZIFs (Figure 3.2c).  The results  revealed that all  those samples had type IV isotherms,
clearly indicating a characteristic of mesoporous materials. The nitrogen sorption isotherms of the
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hybrid ZIFs showed a rapid uptake of N2 at low relative pressure. As summarized in Table 3.1, the
surface areas of hybrid ZIF-3:1, hybrid ZIF-1:1, and ZIF-1:3 are 1393 m2 g-1, 1414 m2 g-1, and 1417 m2
g-1, respectively. These surface areas are very close to the values that were reported in the previous
literature [9].
Figure 3.2 (a) Wide-angle XRD of MOF-3:1, MOF-1:1, and MOF-1:3. (b) Yield comparison between
water-based synthesis and methanol-based synthesis. (c) N2 adsorption isotherms for hybrid ZIFs (d)
Distribution of pore diameters for hybrid ZIFs.
Table 3.1 Summary of surface area and pore volume of ZIFs, NPCs, and ACs.
Sample Surface area (m2 g-1) Pore volume (cm3 g-1)
Hybrid ZIF-3:1 1392 0.125
Hybrid ZIF-1:1 1413 0.123







The NPC particles  after  carbonization  maintain a  typical  crystal  morphology with  polyhedral
shaped structures (Figure 3.1d-f), similar to the original structure of the parent ZIFs (Figure 3.1a-c).
It  can be observed that  the NPC-3:1 and NPC-1:1 samples  show smooth surfaces  on the carbon
particles, while the NPC-1:3 sample shows distortion/deformation in their structure. 
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Figure 3.3 TEM images of (a) NPC-3:1, (b) NPC-1:1, (c) NPC-1:3, (d) AC-3:1, (e) AC-1:1, and (f)
AC-1:3, respectively. 
Interestingly, the TEM images (Figure 3a-c) reveal that carbon nanotubes (CNTs) are formed on
the particle surfaces after the pyrolysis process, as indicated by the arrows. The same phenomena have
been observed in previous report [9]. The presence of Co nanoparticles on the carbon matrix can trigger
the formation of graphitic carbon nanotubes (CNTs), because the Co can work as a catalyst for the
growth of graphitic CNTs  [9]. It is important to note that the CNT content on the carbon matrix is
increased with the increasing Co content in the starting ZIFs.
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Figure 3.4 Wide-angle XRD for (a) NPC-1:3, NPC-1:1, and NPC-3:1 (before activation) and (b) AC-
1:3, AC-1:1, AC-3:1 (after activation). The peaks for cobalt and cobalt oxides are denoted. (c) N 2
adsorption  isotherms  for  carbon  before  activation  and  after  activation  (d)  Distribution  of  pore
diameters for carbon before and after activation.
The wide-angle XRD patterns of NPC samples are shown in Figure 3.4a. Two typical carbon
peaks are observable at around 26 º, which corresponds to the (002) peak of graphitic carbon. When
the Co content is higher in the starting MOFs, the (111), (200), and (220) peaks are more obvious.
The average size of the Co NPs was calculated from the broadening of peaks using the Scherrer
equation. The average sizes of the Co NPs are around 4.0, 4.6 and 6.3 nm, for NPC-3:1, NPC-1:1, and
NPC-1:3, respectively. From the nitrogen adsorption-desorption isotherms for NPC-3:1, NPC-1:1 and
NPC-1:3, the SSA of the NPCs is 655 m2g-1 (NPC-3:1), 551 m2g-1 (NPC-1:1) and 413 m2g-1 (NPC-
1:3), while the pore volume is 0.238 cm3 g-1 (NPC-3:1), 0.388 cm3 g-1  (NPC-1:1), and 0.597 cm3 g-1
(NPC-1:3). These surface areas are relatively lower in comparison with ZIF-8 derived carbon [12-13].
The results show that the SSA is decreased with the increasing of cobalt content, which is consistent
with the previous literature [5].
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Figure 3.5 XPS spectra of NPCs. (a) Survey XPS spectra, (b) C 1s XPS spectra, (c) Co 2p XPS
spectra, and (d) O 1s XPS spectra, respectively.
Table 3.2. Elemental analysis data of various NPC and AC samples.
Sample
Elemental analysis (at.%)
Zn Co C N O
NPC-
3:1
0.37 0.70 83.1 10.8 5.08
NPC-
1:1
- 1.11 89.5 6.42 3.00
NPC-
1:3
- 0.94 93.5 3.70 1.84
AC-3:1 0.05 2.50 84.03 3.92 9.50
AC-1:1 - 5.28 78.63 2.36 13.73
AC-1:3 0.01 3.35 80.30 6.05 10.28
To understand the surface chemical composition and valence states of the as-synthesized NPCs,
we carefully analysed the XPS data. As shown in  Figure 3.5a, it was revealed that all the samples
include carbon, cobalt, oxygen, and nitrogen. Most of the Zn content is removed/evaporated during
the high temperature carbonization process [14]. From the XPS analysis (Table 3.2), the proportion of
carbon from NPC-3:1 to NPC-1:3 was calculated to be 83.1 at% (NPC-3:1), 89.5 at% (NPC-1:1), and
93.5 at% (NPC-1:3), respectively. The effect of KOH treatment on the structure  and morphology is
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shown in  Figure 3.1d-f. Basically, the original NPC shapes were retained, but the surfaces of the
particles became rough, because the carbon surface was chemically etched by KOH (Figure 3.3d-f). 
Figure 3.6 XPS survey for AC-3:1, AC-1:1 and AC-1:3, respectively.
Figure 3.3d-f clearly show the effect of KOH activation on the morphology of NPCs. Basically,
the original NPC shapes are remained, but the surface of ACs tend to become much rougher compared
to their respective NPCs due to chemical etching by KOH. Wide-angle XRD patterns of AC samples
shows co-existence of CoO and Co3O4 as well as Co (Figure 4b), indicating that the original Co is
partially or fully oxidized to CoO and Co3O4 during the KOH activation process. The specific surface
areas and pore volumes for the ACs were determined by N2 adsorption-desorption isotherms (Figure
3.4d), which are summarized in  Table 3.1. The compositional ratios were analysed by survey XPS
(Figure 3.6), the results of which are listed in Table 3.2.  The electrochemical performances of the as-
prepared NPC and AC samples were evaluated from cyclic voltammetry (CV). In Figure 3.7, the CV
profiles of all the AC samples clearly show redox peaks, which are not observed on the CV profiles of
NPC samples, along with the typical EDLC pattern for carbon materials. According to the wide-angle
XRD patterns  (Figure 3.4b),  the  redox activity  of  the  activated carbons can be attributed to  the
presence of CoO or Co3O4, which are formed via partial or full oxidation of Co nanoparticles in the
AC samples. The two cobalt oxide species are well-known for their distinctive pseudocapacitance [15].
Consequently, each AC sample exhibits a significantly enhanced specific capacitance at all scan rates
(1, 5, 10, 20, 50, 100, 200, 300, and 500 mV s-1) as compared to their pristine NPC precursors (Figure
3.8). Among the samples with different Zn to Co ratios, AC-1:1 possesses the most superior specific
capacitance over the scan range as a whole, which greatly exceeds the specific capacitances of AC-1:3
and AC-3:1. This is especially true at higher scan rates, where AC-1:1 exhibits the greatest specific
capacitance among the three AC samples, indicating that AC-1:1 is highly electrochemically stable at
rapid scan rates. 
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Figure 3.7. CVs for (a) NPC-3:1, (b) NPC-1:1, (c) NPC-1:3, (d) AC-3:1, (e) AC-1:1, and (f)
AC-1:3.
 3.8 Scan rate vs. capacitance (NPC-3:1, NPC1, NPC-1:3, AC-3:1, AC-1:1, and AC-1:3).
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III.4 Conclusion
Hybrid-ZIFs with different Zn2+/Co2+ ratios were synthesized at room temperature using water-
based synthesis. The use of deionized water as the solvent triggers the high yield synthesis of hybrid
ZIFs.  The yield of  this  water-based synthesis  is  increased by up to  10 times compared with the
methanol-based synthesis.  The resulting hybrid ZIFs show type-IV isotherms, which is typical for
mesoporous materials with high surface areas. After the carbonization process, the obtained NPCs
show a decrease in surface area, among which, the highest surface area is 655 m2g-1 for NPC-3:1. It
was also found that the CNT content was significantly increased by increasing the Co content. The as-
prepared NPCs were subsequently subjected to activation with KOH in order to increase their surface
area and to convert Co nanoparticles to Co oxides. The resulting activated carbons (AC-1:3, 1:1, and
3:1) exhibit both EDLC and pseudocapacitance due to the presence of CoO and Co3O4 nanoparticles
in the carbon framework, leading to significantly enhanced specific capacitance as compared to their
pristine NPC precursors. Among the three AC samples, AC-1:1 shows highly stable electrochemical
performance, as its specific capacitance outcompetes those of other samples at all scan rates, except at
1 mV s-1. 
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This thesis outlines the development of the water-based synthesis of hybrid ZIFs, their derived
carbon, and their activated carbon. In particular, this thesis focuses on investigating the effects of the
molar ratio of Zn2+/Co2+ and of the activation treatment for increasing the surface area and improving
the electrochemical properties. Based on the results covered in this thesis, the following conclusions
could be drawn:
a. The  water-based  synthesis  of  hybrid  ZIF showed an increase in  yield  of  up to  10  times
compared with the methanol-based synthesis. This occurs because the deionized water (DIW)
has a higher solubility and polarity compared to the methanol solvent. 
b. Nanoporous carbon with a 1:3 molar ratio of Zn2+/Co2+ contained a higher content of carbon
nanotubes (CNTs) after carbonization compared to the other samples because Co acts as a
catalyst for the growth of graphitic carbon.
c. The obtained activated carbons (ACs) exhibit both EDLC and pseudocapacitance due to the
presence  of  CoO and  Co3O4 nanoparticles  in  the  carbon  matrix,  leading  to  significantly
enhanced specific  capacitance as  compared to  their  pristine  NPCs.  Among them,  AC-1:1
shows highly stable  electrochemical  performance,  as  its  specific  capacitance outcompetes
those of the other samples at all scan rates, except at 1 mV s-1.
d. At a scan rate of 1 mV s-1, the AC-1:3 showed the highest specific capacitance of 315.35 Fg-1
in 1 M KOH.
The electrochemical performances of the carbon samples before and after activation at a scan rate of 1
mV s-1 are listed in Table 4.1.
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Table 4.1 Comparison of the specific capacitance of the synthesized electrode materials at a scan rate
of 1 mV s-1 in 1 M KOH. 
               Samples Capacitance (F g-1)
NPC-1:3 (before activation)         284.53  
NPC-1:3 (after activation)         315.36  
NPC-1:1 (before activation)         227.68  
NPC-1:1 (after activation)         278.76  
NPC-3:1 (before activation)         143.20  
NPC-3:1 (after activation)         221.95  
IV.2 Recommendations
The ACs were prepared by immersing the NPCs derived from the hybrid Zn/Co ZIFs in saturated
KOH solution in a ratio of 1:1 (wt %) and drying them at room temperature prior to the pyrolysis
process. The obtained powders were 
a. In this study, metal and CNTs were introduced into the carbon matrix. On the one hand, metal
and metal oxides were also dispersed onto the AC matrix. Therefore, the optimization of these
components in the composite could be useful to enhance its electrochemical performance in
the future. 
b. To increase the penetration of KOH into the surface of the NPCs, especially NPCs with a
higher CNT content, increasing the KOH/NPC weight ratio could be helpful to optimize the
weight ratio to obtain AC with a higher surface area.
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